The essential role of prolactin (PRL) in normal mammary gland growth and differentiation has implicated this hormone in the development and progression of breast cancer. Although Stat5 is the best-characterized mediator of PRL signals, PRL also activates multiple other signals, whose roles in normal and pathologic processes are not well understood. We have shown that PRL stimulates activating protein-1 (AP-1) activity in breast cancer cells, and can cooperate with estradiol in this pathway. AP-1 modulates many processes critical for carcinogenesis, including cell proliferation, survival, transformation, invasion and angiogenesis, and is elevated in many neoplasms, including breast tumors. Here, we investigated the relationship between PRL signals to AP-1 and Stat5. We found that PRL activation of Stat5a and Stat5b, but not Stat1 or Stat3, reduced PRL signals to AP-1, without altering estradiol-induced AP-1 activity. The truncation mutant, Stat5/D53C, but not Stat5Y699F, was an effective inhibitor, consistent with a requirement for Stat5 dimerization and nuclear accumulation, but not its C-terminal transactivation activity. The association of Stat5 with AP-1 proteins suggests that this underlies the inhibition. Predictably, the ability of PRL to activate Stat5 and AP-1 was inversely related in mammary cell lines. Further, reduction of Stat5 protein with siRNA in T47D cells, which contain elevated Stat5, increased PRLinduced AP-1 signals, transcripts for the AP-1 target, matrix metalloproteinase-2 and associated invasive behavior. This study points to the importance of cell context in determining the spectrum of PRL-induced actions, which is critical for understanding the contributions of PRL to breast cancer.
Introduction
The essential role of prolactin (PRL) in normal mammary gland development and differentiation, as well as the high PRL receptor (PRLR) expression in human breast tumors, local PRL production within the mammary epithelium, and correlation between circulating PRL and breast cancer, have implicated PRL in the development and progression of this disease (reviewed in Vonderhaar, 2000; Clevenger et al., 2003; Goffin et al., 2005; Tworoger and Hankinson, 2006) . The PRLR activates signals through a complex web of kinases including src and protein kinase C family members, phosphatidylinositol 3 0 -kinase, multiple mitogen-activated protein kinases (MAPKs), and the best-studied pathway, Jak2/Stat5 (reviewed in Shemanko and Groner, 2001; Goffin et al., 2005) . However, the different roles of these kinase cascades in PRL signals to the normal gland, and the effect of neoplastic changes on their relative importance, are not well understood.
Stat5, particularly Stat5a, mediates most of the actions of PRL in alveologenesis (reviewed in Ormandy et al., 2001; Hennighausen and Robinson, 2005) . PRLactivated Jak2 rapidly phosphorylates Stat5 on Tyr 694 (Tyr 699 in a highly conserved position in Stat5b, and among different species) resulting in dimerization, translocation to the nucleus, and subsequent participation in transcriptional regulation (reviewed in Shemanko and Groner, 2001; Goffin et al., 2005) . Stat5 contributes to the development of mammary cancer in several murine models (Humphreys and Hennighausen, 1999; Iavnilovitch et al., 2002; Ren et al., 2002) . High levels of activated Stat5 also are found in a substantial proportion of human breast tumors, which interestingly correlate with a better prognosis (Cotarla et al., 2004; Nevalainen et al., 2004) . Recent investigations of breast cancer cell lines in vitro have shown that activated Stat5 inhibits invasion and the epithelial to mesenchymal transition (Sultan et al., 2005; Nouhi et al., 2006) . Together, these studies suggest that Stat5 may play complex roles in mammary oncogenesis, augmenting tumor development, but opposing tumor progression.
However, other PRL-activated signals may be important in mammary disease. We have shown that PRLinduced MAPK pathways can potently activate the transcription factor, activating protein-1 (AP-1) in breast cancer cells (Gutzman et al., 2004 (Gutzman et al., , 2005 . AP-1 proteins, including Jun and Fos family members, have been implicated in many human cancers, including breast cancer (Bland et al., 1995; Johnston et al., 1999; Gee et al., 2000; Milde-Langosch et al., 2000) . Target genes modulate many cellular processes important in neoplastic progression, such as proliferation, survival, transformation, invasion and angiogenesis (reviewed in Shaulian and Karin, 2002; Eferl and Wagner, 2003) .
Because of the importance of Stat5 in PRL actions in the normal mammary gland, we examined interactions of this signaling pathway with PRL-induced activation of AP-1. We found that Stat5a and Stat5b dramatically inhibited PRL activation of AP-1. This required phosphorylation of Stat5 on Tyr 694/699 , but not its C-terminal transactivation domain. The predicted inverse Stat5 and AP-1 responses to PRL were confirmed in multiple human mammary cell lines, and reducing Stat5 expression with siRNA in T47D cells augmented PRL-induced AP-1 activity, elevated mRNA for the matrix metalloproteinase-2 (MMP-2), an AP-1 target gene important in tumor invasion, and increased PRL-induced invasive activity. This study demonstrates the complex actions of PRL in the mammary gland, necessary to elucidate its role in breast cancer and aid in the design of new diagnostics and therapies.
Results
We have previously reported that PRL activates an AP-1 enhancer in PRL-deficient MCF-7 cells, which is detectable at 4 h and sustained for at least 24 h. To investigate the effect of PRL-activation of Stat5 on this activity, we overexpressed wild-type (WT) Stat5a or Stat5b, Stat1 or Stat3, which all can be activated by PRL (DaSilva et al., 1996) , and examined the effect on PRL induction of a transiently co-transfected AP-1 reporter construct (4XAP-1-luc). As shown in Figure 1a , PRL strongly induced AP-1 activity, which was evident after both 6 and 24 h of exposure to the hormone, consistent with our previous results (Gutzman et al., 2004 (Gutzman et al., , 2005 . Although normal mammary epithelial cells contain primarily Stat5a, MCF7 cells, like many other breast cancer cell lines including T47D cells, contain predominantly Stat5b (Weaver and Silva, 2006) . Interestingly, overexpression of either WT Stat5a or Stat5b abolished the PRL-induced activity at both times, in a dose-dependent manner (Figure 1a and b) . In contrast, WT Stat3 significantly enhanced PRL-induced activity, while WT Stat1 did not affect PRL action (Figure 1c) , showing that the inhibitory action is specific for Stat5.
To determine how PRL-activated Stat5 mediates this inhibition, we examined the required structural determinants, employing Stat5 mutants. As shown in Figure 2a , Stat5Y699F, which is mutated at the site of Jak2 phosphorylation, the primary regulator of Stat5 dimerization and consequent nuclear translocation (Shemanko and Groner, 2001 ), failed to inhibit PRLinduced AP-1 activity. Control experiments confirmed that this mutant exerted dominant-negative effects on classical PRL activation of a GAS enhancer (Figure 2b and that it was unable to translocate into the nucleus ( Figure 2c ). In contrast, a Stat5 mutant truncated prior to the C-terminal transactivation domain (Stat5/D53C) effectively blocked PRL activation of AP-1 (Figure 2a ). This latter mutant is able to dimerize, translocate into the nucleus ( Figure 2c ) and bind DNA, but its inability to bind co-regulators also makes it a dominant negative at the GAS enhancer (Ilaria et al., 1999) . Indeed, cotransfection with this mutant reduced AP-1 activity following PRL treatment to below unstimulated activity, suggesting that some Stat5 activity is required for maintaining basal AP-1 activity in these cells. Together, these mutants demonstrated that pTyr 694/699 and nuclear accumulation were critical for Stat5 inhibitory activity.
Both Stat1 and Stat3 have been shown to be functionally associated with AP-1 proteins (Shuai, 2000; Levy and Darnell, 2002 and references therein). Therefore, we postulated that a similar relationship with Stat5 might underlie our observations. As shown in Figure 2d , Stat5 was associated with c-Fos in unstimulated cells, and this was increased, but only slightly, in the presence of PRL. This is consistent with the low level of nuclear Stat5 observed in unstimulated cells (Luo and Yu-Lee, 2000) , and the further activation following exposure to PRL. Similar results were obtained with c-Jun (data not shown). Overexpression of Stat5 did not alter PRL-induced phosphorylation and nuclear accumulation of ERK1/2 in these MCF-7-derived cells (data not shown).
We previously demonstrated that PRL and estradiol (E2) cooperatively enhance AP-1 in this system (Gutzman et al., 2005) . Because E2 has been reported to -Stat5 is required for inhibition of PRL-induced AP-1 activity. (a) MCF-7-derived cells were co-transfected with 4XAP-1-luc, lPRLR, b-gal, and either vector DNA or WT Stat5b (Stat5b), dominant-negative Stat5b Y699F (Stat5Y699F), or truncated Stat5a D53C (Stat5/D53C). Relative activity indicates the mean of at least three independent experiments, shown as mean fold change relative to the vehicle treated control 7s.e.m. Asterisks denote significant differences between vehicle and PRL-treated cells using Student's t-test (Po0.05). (b) CHO cells were co-transfected with GAS-luc, lPRLR, b-gal, and either vector DNA or Stat5Y699F. Following transfection, cells were treated 74 nM PRL for 24 h. Luciferase activity was determined, and normalized as described in the Materials and methods. Each bar represents the relative activity 7s.d. of triplicate wells from one representative experiment. (c) Stat5D53C, but not Stat5Y699F, accumulates in the nucleus following PRL treatment. MCF-7 cells were transfected with either HA-Stat5D53C or HA-Stat5Y699F. Following transfection, cells were treated 74 nM PRL for 30 min. Cytosolic and nuclear proteins were isolated as described in the Supplementary Information, and analysed by immunoblotting. Grb2 was used to mark the cytosolic fraction, and c-Jun, the nuclear fraction. Representative experiment shown. (d) Stat5 associates with c-Fos in MCF-7 cells. Serum-starved cells were treated 74 nM PRL for 60 min. Protein was immunoprecipitated (IP) with Stat5 or mouse IgG followed by Western analysis (WB) using c-Fos or Stat5 antibodies as shown. Representative experiment. modulate activity of Stat5 either positively or negatively in different cell types (Faulds et al., 2001; Bjornstrom and Sjoberg, 2002; Cao et al., 2004) , we examined the effect of overexpressing Stat5 on E2 and E2/PRL signals to this transcription complex. Surprisingly, co-transfection with WT Stat5 did not affect the ability of E2 to stimulate AP-1 twofold basal levels, nor reduce the effect of E2 and PRL together below that of E2 alone (Supplementary Figure 1a) , indicating that Stat5 inhibits only PRL signals without altering those initiated by E2. Since E2 has been shown to modulate phosphorylation of Stat5, increasing it in endothelial cells, but decreasing it in hepatocytes (Bjornstrom and Sjoberg, 2002; Cao et al., 2004) , we also investigated the effects of these hormones on pTyr 694 -Stat5a/b. Our studies showed no effect of E2 alone or any interaction with PRL, consistent with our reporter gene experiments (Supplementary Figure1b) , indicating that Stat5 and E2 signals to AP-1 are independent in these cells.
To understand the relationship between PRL-initiated Stat5 and AP-1 signals in mammary tumor cells of differing etiologies and phenotypes, including complement of AP-1 components and hormone responsiveness, we investigated PRL-induction of these pathways, as well as levels of endogenous Stat3 and Stat5, c-Fos and c-Jun in several other mammary cell lines. As shown in Figure 3 , all these cells responded to PRL when transfected with lPRLR, including MCF-10A and MDA-MB-231 cells, which express only very low levels of endogenous lPRLR (not detectable by Western analysis, see Figure 3e , fifth panel). However, the strength of the PRL-induced signals to AP-1 and Stat5 pathways (AP-1-and GAS-luciferase, respectively), as well as expression of AP-1 components and Stat proteins, differed considerably. The MCF-7-derived cell line showed the largest AP-1 and lowest Stat5 response to PRL (Figure 3a) . In contrast, the more 'normal' MCF-10A cell line, which normally expresses only low levels of lPRLR, displayed a strong Stat5-dependent response when PRLR levels were elevated by transfection, but did not activate AP-1 (Figure 3b ). Both T47D and MDA-MB-231 cells, breast cancer cell lines which express endogenous PRLR and ERa at high and low levels, respectively, responded to PRL with strong activation of the GAS element, and a modest but significant decrease in AP-1 (Figure 3c and d) . The latter may be due to activation of AP-1 proteins present in these cells which are capable of forming inhibitory dimers (Milde-Langosch et al., 2004) . When cultured in the presence of serum, these cell lines also displayed variable levels of Stat3 and Stat5, as well as c-Fos and c-Jun (Figure 3e ). Interestingly, relative levels of Stat3 and Stat5 in these cell lines tended to parallel one another. Higher amounts of these factors correlated with the ability of PRL to activate the Stat5-specific GAS enhancer, but not AP-1. Potential PRL-activation of AP-1 was associated with higher c-Fos, but not c-Jun levels, and tended to be inversely related to Stat3 and Stat5. These findings in a limited number of cell lines suggest inverse strength of PRL signals to GAS and AP-1 enhancers, which appears to depend in part on Stat5 levels.
To further test the robustness of this relationship and the role of Stat5 levels in determining the strength of PRL-induced AP-1, we reduced Stat5 levels in T47D cells with siRNA, targeted to both Stat5a and Stat5b. T47D cells display higher PRL-activated GAS than AP-1 enhancer activity, the opposite of PRL signals in the MCF7 subline (compare Figure 3a and c) . In contrast to the slight PRL-induced reduction in AP-1 activity observed with non-targeting siRNA in T47D cells (similar to Figure 3c) , knockdown of Stat5 resulted in significant PRL-induced AP-1 activity (Figure 4a) , as well as the expected dramatic reduction in GAS responsiveness (Figure 4b ). This confirms that levels of Stat5 are important modulators of potential PRLinduced signals to AP-1. The enhanced PRL-induced AP-1 activity was associated with elevated transcripts for MMP-2 (Figure 4c ), an AP-1 target that can degrade the basement membrane, a process essential for tumor invasion and metastasis (Vincenti, 2001) , as well as increased PRL-induced invasive behavior ( Figure 4d ). As can be seen from Figure 4e , levels of c-Fos, c-Jun and Stat3 were not altered by Stat5 siRNA, indicating that global changes in these proteins do not mediate this modification of PRL signals.
Discussion
The correlation of circulating PRL with breast cancer risk independent of estrogen, and the high proportion of human breast tumors expressing PRLR, underscore the importance of understanding the contributions of PRL to this disease. While PRL signals via the Jak2/Stat5 pathway during mammary development are well recognized, relatively little is known about the role of other PRL-initiated signals, and their interrelationships in physiologic and pathologic processes. Recently, PRLactivated Stat5 has been reported to reduce processes associated with tumor aggression in vitro (Sultan et al., 2005; Nouhi et al., 2006) , consistent with better prognoses in vivo (Cotarla et al., 2004; Nevalainen et al., 2004) , prompting the suggestion that PRL signals may promote a more differentiated tumor phenotype. The present study extends our previous reports of PRL activation of another pathway, driving expression of AP-1 target genes associated with tumor progression. We demonstrate a reciprocal relationship between PRL signals to Stat5 and AP-1 in breast cancer cells, and show that the predominant PRL-initiated pathway is determined at least in part by Stat5 availability. Thus, depending on the cell context, PRL may have very different effects on markers associated with tumor aggression, emphasizing the importance of understanding the breadth of mechanisms whereby this hormone contributes to breast cancer.
Human breast tumors display diverse patterns of AP-1 proteins, which correlated with a negative prognosis in several studies (Bland et al., 1995; Gee et al., 2000; Johnston et al., 1999; Milde-Langosch et al., 2004) . The consistent appearance of AP-1 target genes, such as metalloproteases and CD44, in transcript signatures associated with poor prognoses ( Van't Veer et al., 2002; Wang et al., 2005) further emphasizes the importance of this pathway in human neoplasms. Activities of the AP-1 and Stat5 pathways have not been compared in the same set of primary tumors. However, our data would predict an inverse relationship. Together, these data suggest that PRL can have different effects in neoplastic progression, depending on the signaling pathways available. Furthermore, it reveals a mechanism whereby PRL activation of Stat5 may 'protect' neoplastic cells from signals of local growth factors where possible, maintaining a better differentiated phenotype.
Stats have been shown to modulate transcriptional activity by multiple mechanisms. They can augment or inhibit promoter activity by binding to GAS sites, or form 'enhanceosomes' by cooperating with other factors bound nearby (Shuai, 2000; Shemanko and Groner, 2001; Levy and Darnell, 2002) . They also can alter promoter activity by competing for limiting coactivators (Horvai et al., 1997; Luo and Yu-Lee, 2000; Shemanko and Groner, 2001) . Interestingly, however, some outcomes vary with cell type (Nakamura et al., 2002) MDA-MB-231 cells were cotransfected with 4XAP-1-luc or GAS-luc, and lPRLR, b-gal, and vector DNA as described in the Supplementary Information and treated 74 nM PRL for 24 h. Luciferase activity was determined, and normalized as described in the Materials and methods. Relative activity indicates the mean of at least three independent experiments, shown as mean fold change relative to the vehicle treated control 7s.e.m. Asterisks denote significant differences between vehicle and PRL-treated cells using Student's t-test (*Po0.04, **Po0.009). (e) Cell lysates were analysed by immunoblotting as indicated.
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Yu- Lee, 2000; Shemanko and Groner, 2001) , and Stat5 associated with both c-Fos and c-Jun. The lack of efficacy of Stat5Y699F argues against Stat5-directed transcription of another mediatory factor. Together, these observations suggest yet another mechanism. Stat5 may alter the conformation or mask regions of AP-1 proteins, resulting in altered protein-protein interactions, and consequent decreased activity of the transcriptional complex. The regions of Stat3 that interact with c-Jun have been localized and critical residues identified; however, the amino-acid sequence of Stat5 is quite distinct at these loci (Zhang et al., 1999) , suggesting a different relationship. In contrast to Stat5, overexpression of Stat3 enhanced the PRL-induced AP-1 response in these studies. We have observed that exogenous WT Stat3 can enhance PRL signals to the c-fos promoter (data not shown), reminiscent of Stat3-mediated activation of the SIE within this promoter by IL-6 (Yang et al., 2003) . This activity, and/or other actions such as potential direct 7s.e.m. Asterisks denote significant differences among groups (*Po0.05; **Po0.01), determined after analysis of log transformed data by one-way ANOVA followed by Neuman-Keuls post-tests. (e) Cells were untransfected, or transfected with non-targeting (control), or Stat5 specific siRNA. Cell lysates were harvested at 24 or 48 h after transfection and analysed by Western blot as indicated.
Stat5 inhibits PRL activation of AP-1 JH Gutzman et al interaction with the AP-1 complex as discussed above, may underlie our observations. Despite the ability of both Stat5 and Stat3 to promote processes linked to carcinogenesis (reviewed in Bromberg, 2002; Buettner et al., 2002) , these related transcription factors exert opposing activities on alveolar development and invasion, in addition to the distinct effects on AP-1 activity reported here (reviewed in Ormandy et al., 2001; Watson, 2001; Hennighausen and Robinson, 2005; Sultan et al., 2005) . Interestingly, Stat3 correlated with Stat5 expression in the limited number of mammary cell lines examined herein, and higher expression was associated with reduced AP-1 responses to PRL, not the increase predicted from the actions of Stat3 alone. Clearly, the importance of PRL signals to Stat3 in the normal gland and during tumorigenesis requires further study.
Our studies demonstrate that PRL activates at least two pathways in breast cancer cells that may contribute to carcinogenesis and differentially modulate tumor behavior. The observed inverse relationship between them results in part from direct inhibition of AP-1 activity by PRL-activated Stat5, which can be modified by Stat5 availability. This suggests that PRL can exert very different effects on disease outcome depending on the phenotype of the tumor, and that pathway specific, rather than ligand-based, approaches may prove a fruitful strategy in targeting PRL actions in this disease. In vivo models, such as our NRL-PRL transgenic mice, are required to explore these relationships in the dynamic processes of lesion development and progression, and interactions of PRL with other important cytokines, hormones and growth factors in breast cancer.
Materials and methods
Cell culture and transfection Details of cell culture for each breast cell line are described in the Supplementary Information. For transient transfections, cells were serum starved for 24 h before transfection with constructs as indicated in the figure legends and described in the Supplementary Information. Total transfected DNA was equalized within each experiment with vector backbone.
Transfections were optimized for each cell line as described in Supplementary Information. Luciferase values were corrected for transfection efficiency using b-gal, as described (Brockman et al., 2002) . 'Relative activity' is the mean of at least three independent experiments represented as fold change relative to the vehicle control. We designed Stat5 specific siRNA using a region homologous to both the Stat5a and Stat5b isoforms (see Supplementary Information), in order to reduce both Stat5 isoforms, which can equally reduce AP-1 activity (Figure 1 ). Non-targeting siRNA (Dharmacon, Lafayette, CO, USA) was used as a control. 100 nM siRNA duplexes were transfected with Lipofectamine2000 for 24-48 h as indicated.
Immunoblotting Cells grown in complete media (above) were analysed by Western blot as described previously . Primary antibody concentrations were as follows: c-Jun, 1:1000; c-Fos, 1:1000; hPRLR, 1:1000; Stat5 (sc-835X) 1:500 000; phospho-Stat5, 1:1000; HA.11 (1:1000), Grb2 (1:5000), and Stat3, 1:500 (See Supplementary Information for the source of the antibodies).
Real-time PCR Cells were transfected with Stat5 or non-targeting siRNA for 24 h as described above, and treated À/ þ 4 nM PRL for 48 h. Quantitative PCR for MMP-2, Stat5 and 18S RNA was performed as suggested by the manufacturer using a 7300 Real-time PCR System and analysed with the Sequence Detection Software Version 1.3 (Applied Biosystems, Foster City, CA, USA). Additional details are found in the Supplementary Information.
Invasion assays
Cells were transfected with non-targeting or Stat5-specific siRNA as above, and the ability to invade collagen I over 30 h was assessed as described (Keely, 2001) .
